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AEROCRANE
A HYBRID LTA AIRCRAFT FOR AERIAL CRANE APPLICATIONS

Russel G. Perkins, Jr.*
Donald B. Doolittle**

ABSTRACT: The Aerocrane, a hybrid aircraft, combines rotor lift with buoyant lift to
offer VTOL load capability greatly in excess of helicopter technology while eliminating
the airship problem of ballast transfer. In addition, the Aerocrane concept sharply
reduces the «nooring problem of airships and provides 360° vectorable thrust to supply a
relatively large force component for control of gust loads. Designed for use in short range,
ultra heavy lift missions, tne Aerocrane operates in a performance envelope unsuitable for
either helicopters or airships. This paper addresses basic design considerations and
potential problem areas of the concept.

INTRODUCTION

The most serious deficiency in U.S. aircraft performance is the lack of a capability to pick-up, carry and
implace large, bulky cargos. Present and projected VTOL aircraft offer very limited useful load capacities
compared to fixed wing aircraft, Figure 1 illustrates this deficiency plotting aircraft useful load and speed
envelope for conventional and VTOL aircraft. Conventional aircraft capabilities are bounded by C-5A
performance - a useful load capacity of over 200 tons. Present VTOL capabilities are bounded by the
CH-63E - a useful load capacity of oniy 18 tons. The Army's advanced Heavy Lift Helicopter (HLH)
development program will double the present VTOL capabilitv, This is a significant advance when
compared to VTOL aircraft, but is insignificant when compared t- present fixed wing aircraft.
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FIGURE 1.  Aircraft Performance Spectrum
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**Past President, All American Enyineering Co., Wilmington, Delaware, U.S.A.
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This performance gap arises from the impact of the "squarecube law” as aircraft size increases, and the
relative inability of helicopter technology advances to compensate for its effects. The helicopter presents a
more difficult, constrained, design problem than the fixed wing aircraft. The "square-cube law" states that
the aerodynamic lift of an airfoil increases as the square of a basic dimension while its structural weight
increases as the cube of that same dimension. Thus, the aircraft structural weight becomes an increasingly
larger fraction of total aircraft weight. The application of improved materials, better design techniques,
higher wing loadings and gas turbine engines to fixed wing aircraft has been very successful in compensating
for the "square-cube law". The helicopter designer, while scaling up power requirements for larger rotors,
finds that his transmission design torque loadings have increased at a faster rate because of the reduced
rotor RPM. The rotor blade characteristics which are satisfactory for a smaller helicopter are not
satisfactory for larger helicopters since the governing aerodynamic, centripetal and inertial forces do not
scale similarly. Finally, there is no speed/productivity increase with larger helicopters as the maximum
forward speed is limited by a fundamental aerodynamic problem, retreating blade stall.

in spite of these design trends and limitations, the helicopter is the only aircraft providing a military and
commercial capability as an aerial crane. Its notable performance for these applications has not produced a
widespread market because of its (1) low gross lifting capacity, (2) high acquisition and operating costs and
(3) low operational reliability. 1t does not appear to be technically or financially feasible to achieve a VTOL
lifting capability commensurate with conventional aircraft by building larger and larger helicopters. Present
helicopters are inherently expensive and hard to maintain for aerial crane applications. Some departure
from state-of-the-art design practice is necessary to alleviate this cost problem. Any aerial crane should have
as a minimum design goal the operational reliability of commercial fixed wing aircraft. Achieving this goui
for conventional helicopters does not appear to be technically feasible in the foreseeable future.

The Aerocrane is a hybrid Lighter Than Air (LTA) aircraft composed of bailoon and helicopter elements
which conceptually addresses each of the enumerated helicopter deficiencies. {As with any new idea or
concept, its reduction to practice may produce other, more substantial deficiencies as yet undisclosed.).
The basic concept is to integrate the controllable thrust vector of a rotary wing system with the brute
lifting capability of a heavy lift balloon to transcend projected useful load limits of practical helicopters.
Applied to the Aerocrane design, aerostatic lift supports two-thirds of the aircraft design takeoff weight,
i.e., the full structural weight and up to 50% of the design sling load, while aerodynamic lift only supports
the remaining 50% of the sling load.

1560 FOOT DIAMETER

6000 INSTALLED SHP

10.98 RPM, TIP SPEED 201'/SEC
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50 TON SLING LOAD

Figure 2. Aerocrane
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AEROCRANE

The Aerocrane concept is characterized by wings attached to a large rotating central spheroid containing
helium (Figure 2). Vectoring the aerodynamic thrust by collective and cyclic variation of wing angles of

attack provides all propulsive and maneuvering forces in a manner directly analagous to a helicopter rotor
system,

Since the Aerocrane wings are very lightly loaded (about 6.6 Ibs/sq. ft. of wing area) and operate a low tip
speeds (about 200 ft./sec.), centrifugal forces are not a significant factor in the structural support of the
wings. These low forces allow tip propulsion eliminating the main transmission of a conveniional helicopter.
Because of the low tip speed, a braced wing structure may be used without a large power penalty, and the
targe centerbody provides space for a deep cabane section without an additional aerodynamic penaity. The
internal cabane structure and wire bracing are arranged to support the wings in the vertical, axial and
equatorial directions. This bracing system alleviates wing root in-plane and vertical bending moments. The
central structure is principally composed of pin-ended compression and tension members. In addition to

transferring loads between wings and sling load, the center structure provides focal points for transferring
aerostatic lift.

Wing construction is anticipated to follow fixed wing rather than helicopter rotor design practice. Engines
and propellers are mounted conventionally on the wing spar with additional structural support to resist
centrifugal and gyroscopic forces. Fuel supply lines, hydraulic and electrical lines, control and
instrumentation signals must pass from the wing into the center section thru a flexible joint.

The control cab and sling load are attached at the bottom of the centerbody and are isolated from rotation
by low friction bearings and a retrograde drive system, either mechanical or aerodynamic.

Construction of the helium containing envelope follows the practice used by Goodyear for their blimps. A
single gas containment envelope is used without partitions. A ballonet system to provide internal pressure
adjustments for ambient changes is located in the lower portion of the centerbody. An emergency helium
valve is also provided to assure against critical over-pressure and allow free balloon control, if necessary.

The control system governs coilective and cyclic wing angle of attack variation and is the most sophisticated
component of the Aerocrane. Hydraulic actuation of wing root, pitch horns is contemplated for setting
collective pitch. Cyclic pitch will be controlled by aeradynamic flap adjustmrents near the wing tip. This
dual wing angle of attack control system also allows for a torsionally flexible wing (if feasible) introducing
an ideal wing twist distributior. An electronic or electromechanical equivalent of a helicopter swash plate
system will be located in the control cab feeding control signals to the hydraulic actuators. Some form of

automatic gust sensing and load relief may be required. Standard aircraft practice for control reliability will
be used in the control system design.

Lift Distribution

The required distribution between aerodynamic and aerostatic lift is governed by two design conditions
resuiting from the Aerocrane's concept of flight. During loaded flight the wings generate positive thrust to
supplement the aerostatic lift thus supporting the total aircrart weight. In the unloaded condition the wings
provide a downward aerodynamic thrust to compensate for an excess of aerostatic lift. Dual modes of flight
are possible because of the geometric symmetry inherent in the Aerocrane design. Assuming equivalent
aerodynamic thrust requirements for loaded and unloaded tlight, the following relationships apply.

Loaded Condition: Wg + Wp + WE = Lg + Ly (1}
Unloaded Conditions: Wg + Wg = Lg - Lw (2)
where

WE = Fuel weight

WE = Aircraft operating weight empty
Wp = Payload weight

LB = Aerostatic Lift

Lw = Vet aerodynamic lift
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Solving these expressions, we find that:
Lw = Wp/2 and (3)

Lg = WF + WE + Wp/2 {4)

The net aerodynamic lift equals 50% of the design sling load weight. In addition, aerodynamiic thrust must
be provided for transiation and conirof power demands. The aerostatic lift supports the entire aircraft
operating weight, fuel and 50% of the design sling load. Estimates of aircrart struciural weight for
hypothetical Aerocrane designs indicate operating aircraft empty weight fractions besween .31 and .34.For
these values the aerostatic lift supports approximately 67% of aircraft tekeoff gross weight and
aerodynamic lift 33%. It is worthwhile to note that this hybrid aircraft allows » modulation in total lifting
capacity of around 66% of design takeoff gross weight. This very substantial rapability is achieved without
requiring a large installed power or ballast transfer.

Wina or Rotor Characteristics

The aerodynamic performance of the Aerocrane follows directly from the selection of rotor parameters.
These characteristics are projected for a hypothetical 55-ton useful load Aerocrane (50-ton sling load and 5
tons of fuel).

Disk loading, DL = .688

Solidity, o = .149

Maximum design tip speed, VT =200 ft./sec.
Blade loading, BL = 6.59

Balloon radius ratio, x, = .43

The first and most significant parameter is disk loading. By examining disk loading of any actuator disk
such as a rotor, one can immediately determine its ideal lifting efficiency - i.e. pounds of thrust per unit of
power required. From classical momentum theory, the foliowing expression relates lift efficiency to disk
foading for a free rotor.

L=
=k 5_?_9- (5)
2p
where
T = Rotor thrust
RHP = Rotor power required
p = Ambient air density
D'. = Disk loading, thrust per unit disk area

Comparing an Aerocrane with & disk loading of .7 to a large helicopter with a disk loading of 10, we see
that the Aerocrane can ideally produce 45.3 Ibs. of thrust per rotor horsepower compared to 12 Ibs./rhp for
the helicopter. Large helicopter rotors are designed to less efficient, higher disk loadings because of several
design considerations and constraints not applicable to Aerocranes. As helicopter disk loading decreases for
8 constant tip speed, transmission weight, rotor blade weight and rotor profile drag all increase
subatantially, Practical design considerations such as sufficient rotor kinetic energy for entry into
autorotation, coning angle constraints and further transmission weight growth place a lower limit on
helicopter tip speeds. The Aerocrane, on the other hand, with no main transmission and externally braced
wings achieves good rotor performance at its low disk loadings only because of a concurrent reduction in
rotor tip speeds. Thus, a high blade mean lift coefficient is maintained, and profile drag is only a small
fraction of the induced drag.

The interplay among Aerocrane rotor design variables is best examined by developing an expression for the
Aerocrane rotor figure of merit, M, analogous to a conventional rotor figure of merit. This is easily
accomplished following the conventional rotor analysis contained in reference (1). Using conventional blade
element theory and assuming an ideally twisted rotor, a uniform induced rotor velocity, v, hover thight, a
constant blade profile drag coefficient and no blade taper; an expression for rotor blade element thrust may
be derived. Integrating that expression over each blade from baliocon surface to blade tip results in the
follow. ng equation for rotor thrust,
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where
£1 = Rotor rotational velocgity
R = Total rotor radius
a = Rotor blade lift curve siope
071 = Blade tip angle of attack
v = Induced inflow velocity across a biade element
b = Number of blades
¢ = Blade chord
y,; = Balloon radius rg divided by R
p = Ambient air density

Defining the rotor thiust coefficient, Cy. in the conventional fashion based upon cn annulus of a disk,

T
pl’ﬂ’ (1- X3 1)Q? R?

Cr= (7

and defining rotor solidity, o, as the projected blade area (including balloon cutout) divided by the total
disk area (including balloon cutout),

the classic expression for the thrust coefficient of a conventional rotor results.

cr=ZaloT-Al (9)

where
A = =L =rotor inflow ratio
IR

others as defined previously

Similarly, an expression for rotor torque coefficient, Cq, may be derived composed of induced power and
profile power terms.

- Q
xRV (QRPR(T-x; ) (10!

Ca

--%Cooﬂ +x,}) +ACT

where
CpD,, = Mean blade profile drag coefficient

others as defined previously

Now, assuming that momentum theory is valid for the Aerocrane rotor annulus,
T=22R*(1-x,’ WV (1

combining equations {7), (11) and the detinition of rotor inflow ratio, A leads t0:

T
x-‘g (12)

c 373
Ca=§Cool1 +xi*) + o (13)

Thus,
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To these conventional terms an allowance for the sphere's effects on rotor thrust and torque required must
be added. The sphere may cause an increase in rotor power required tc produce a given rotor thrust because
of energy =zt to frictional drag of the sphere acting on the airstream inflow velocity. On the other hand,

the presence of the centerbody which eliminates conventional rotor recirculation at the center may exhibit
a favorable pressure gradient across its surface adding to the rotor thrust. As tive induced velocity is quite
low for Aerocrane disk loadings and the centerbody radius unusually large compared to the rotor radius, it
will be assumed that these two effects cancel. A second source of wasted power is the sphere frictional drag
acting on the tangential velocity component at the sphere's surface ir. the plane of rotation. As the sphere
skin speeds near its equator are considerably higher than the inflow velocities, this term may not be
negligible. The torque required for this frictional dray may be derived by computing the elemental torque
for an infinitesimal area on the surface of the sphere and integrating over the sphere's surface. Th- leads to:

Q= 1.178p(S2rg)* rgarg? (14)

where
7¢ = local sphere skin friction drag coefficient
rg = Centerbody radius

Combining equation (14) with the definition for Aerocrane torque coefficient leads to an expression for the

torque coefficient due to sphere drag.
]
CQosf=1.178 15
Qst = 1178 iy vy 1s)

The Aerocrane's hover tigure of merit, M, may be defined conventionally by dividing the induced rotor
power required by the total power required, or in torque coefficient form,

CJQ n
L [

_ﬂ’_ 8 “""'”””8(——’1 s

(16)

(Reterence (2) presents an alternate development for the Aerocrane figure of merit based upon ditfersit
assumptions about the centerbody's influence on the rotor.)

To examine the influence of tip _?ood selection, it is necessary to derive an expressici for C in terms of o
and a blade rean lift coefficient, By definition, 'C'L is defined from:

R
T= E[g bc%p(S2r3 dr an
Solving and substituting in equaticn (7) gives:

CL N+x;, +x,?)
CY é ——‘—‘J;';'L' (18)
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Figure 3 plots M agiinst balloon/rotor radius ratio tor several values of rotor solidity for a constant EL'
Rotor performance falls off drastically for values of x, greater than 5.

Figure 4 is a carpet plot of M against rotor blade mean lift coefficient and solidity. Here we see the
expected result that minimizing profile drag maximizes rotor efficiency. For a constant thrust, x, , and disk
loading, higher lift coefficients combined with higher solidities produce higher figures of merit. This
amounts to nuthing more than maximizing rotor thrust coefficient by reducing tip speeds to maintain a
constant thrust. Note that the Agrocrane may operate in hover over a substantial range of values for CL by
reducing rctor tip speed below the forward flight condition.

On sach figure, the design point for a 55-ton useful load Aerocrane is indicated. Initially, the selection of
Aerucrane solidity may seem unduly high compared to a helicopter rotor. Modern helicopter rotors will
have solidities between .06 and .09. If the Aerocrane solidity is corrected for the inclusion of the balloon
cutout, then:

.- g \
-l (1vx|) (19(

For a defined solidity of .149, an actual blade solidity {by conventicnal rotor definition) oV .104 resuits.
This value is still high for a rotor which operates at an advance ratio, u, less than .35. A partial explanation
is the impact of the relatively large balloon drag and substantial aerostatic lift on the relationship between
forward thrust and vertical thrust requirements; and, thus, different solidity requirements for a given
advance ratio.

577

P

P P



L

e T

e R
® oy 3

o syed

Tt e g

R

16,000 Cp= 6
i
x 14,000
35
2
o 12,000 Cn=4
P 7 D™
y //
2 8,000 a
& / CD = .2
& / /
x s
O 4000 <
T =t

0 10 20 30 40
VELOCITY - KNOTS

FIGURE B, Installed Horsencwer Required

Forward Flight Performance

The Aerocrane is, of course, an inherently low speed aircraft as its translational speed capabilities are
constrained by the high drag of its balloon centerbody. Power requirements of a 55 ton usefu! load
Aerocrane are shown in Figure 5 for hover and translational flight assumirg several values for centerbody
drag coefficient. Design conditions for this graph are discussed in a later section of this paper. It is clear
from the graph that a substantial imbalance between hover pcwer and translational power requirements
exist ~ reasonable assumed values of sphere lift and drag at forward speeds greater than 35 knots. This
power imbalance reduces as aircraft size increases because of "square-cube law" effects.

Aeracrane Blade Environment

Rotor blade design considerations and problems are substantially different from helicopter rotor design
experience. Aerocrane wings (or blades) operate in a much more benign aerodynamic environment where
achieving a critical balance between rapidly varying, large aerodynamic and centrifugal forces does not
dominate the design problem. A first major difference is in rates of cyclic pitch change accommodated by
the control system. Figure 6 shows an order of magnitude difference between rates of rotor rotation and
cyclic pitch variation for equal capacity aircraft. A disk loading of 10 and blade tip speed of 750 ft./sec.

were assumed for the helicopter,

TIME(SEC)

FIGURE 6. Cycles of Rotor Motion
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A second major difference between helicopters and Aerocranes is in the magnitude and variation of the

blade aerodynamic pressures seen by the respective blades. The tangential velocity component, VT, seen by
a blade section along the rotor is given by:

V1 = Vjcosasing + Qr

(20}
where
V¢ = Forward flight speed
« = Angle of rotor plane inclination with respect
to free stream velocity
¢ = Blade azimuth angle
Neglecting the effect of rotor tilt angle, the dynamic pressure, q, is given by:
q = p/2(V§siny + Qr)? (21
and integrating over the appropriate rotor span and dividing by the blade length gives:
Helicopter
q = p/2V§sin®  + p/2Vsing QR + p/6(2R)? (22)
Aerocrane
Q= p/2V§sin? Y+p/2Visiny QR (1+x, ) +
p/B(QR)? (14x, +x, *) (23)
400

_ 300
g / \ieucowen
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BLADE AZIMUTH ANGLE ()

FIGURE 7 Blade Mean Dynamic Pressures

Figure 7 shows that a helicopter blade is exposed to dynamic pressures an order of magnitude greater than
those experienced by an Aerocrane wing.

A third major difference between Aerocrane and helicopter blade environments is the magnitude of
centripetal forces. The expression for this force, F¢, at a blade station r is:

F¢ = mgrQ? or (24)
Fco/m=rQ%g

where

g = Force of gravity

m = Mass of rotor blade element
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At the helicopter blade tip, an acceleration equal to 272 g's is experienced. At the blade tip of the
Aerocrane, a force equal only to 7.1 g's is experienced.

Other ditferences which have a first order impact on the blade design problem are blade aspect ratio and
blade root bending relief. In cortrast with a helicopter rotor blade, an Aerucrane wing (or blade) *.as a
much lower aspect ratio, and tends to exhibit greater torsional stability. Root bending moments are relieved
by cable bracing. Column stability of the wing will be an important design consideration. In many respects
the Aerucrane wing design problem is more comparable to standard, light aircraft fixed wing design than tc
heliconter biade design.
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FIGURE 8. Aircraft Empty Weight Fraction

Size and Weight Comparisons Between Helicopters and Aerocranes

Although still in the first stages of preliminary design, it is worthwhile to attempt comparisons between
projected Aerocranes and projections of helicopter technology Figure 8 plots aircraft empty weight
fraction as a function of design gross weight for very heavy lift helicopters and Aerocranes. It shows the
Aerocrane to have a significant advantage compared to an equivalent capacity helicopter, and this advantage
increases with aircraft size. The Aerocrane's very low projected empty weight fraction may seem more
reasonable when one considers that 66% of the Aerocrane lift is produced by the balloon element, and
existing heavy lift balicon designs exhibit empty weight fractions equal to .15 for this size. Figure 9
compares installed shaft horsepower of the point designs examined. The large installed shaft horsepower
advantage shown by the Aerocrane is a direct result of its lower gross weight for a given payload, partia:
balloon lift and lower rotor disk loading. The Aerocrane is a substantially larger, more cumbersome aircra’t
than the helicopter, but as payload capability increases, the Aerocrane grows at a slower rate. The
Aerocrane's centerbody is actually a dimensionally efficient lifting surface in large sizes. If 1ts disk loading is
defined as the buoyant lifting force divided by cross-sectional area, then the 55 ton useful load Aerocrane
fius & balloon disk loading of 5.94 bs./sq. ft. This disk loading increases in proportion to centerbody radius.
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FIGURE 9. Aircraft Power Requirements

The Aerocrane weight trends were developed based upon preliminary design work completed to date.
Estimates were made for a MIL STD 1371 weight breakdown format suitably modified to account for
special features of Aerocranes. A design ultimate load factor of 5.25 was used. The Aerocrane's main
structure is a truss with column and tension members, Column weights were estimated using the allowable
compression stress for primary stability using 24 ST aluminum, .nd the tension members were assumed to
be 1 x 19 steel aircraft cable. Weights of the wing fairing, controls and control cab were estimated by
analyzing the design point Aerocrane in comparison to similar aircraft structure. Power plants and
installation weights were estimated using engine manufacturer's data and fixed wing installation experience.
Auxiliary equipment weights were derived from published heavy lift helicopter data., Parametric weight
trends supplied by Raven Industries were used to estimate weights for the aerostatic envelope and gas
management system. lInstalled shaft horsepower was calculated by determining rotor horsepower
requirements for the forward flight design condition and assuming a propelier efficiency eq.ai to .75.

Weight of the 110-ton useful load Aerocrane was established by applying growth fartors to the 55-ton
design point which was divided into three categories: (1) load bearing structure, (2} non-load bearing
structure, and (3) special equipment. Load bearing structure was assumed to increase in proportion to the
four/third power, non-load bearing structure increased directly and specia! equipment was held constant.
The 110-ton projection produced an aircraft empty weight equal to 110,700 Ibs. Adding 20,000 Ibs. fuel,
600 Ibs. crew, 120 Ibs. of fluid residues and 200,000 Ibs. of sling load, an aircraft gross weight equal to
231,420 Ibs. and 4an empty weight/gross weight ratio equal to .334 results.

Helicopter empty weight trends were those discussed in reference (3). In that paper projections of future
heavy lift helicopter empty weight fractions were developed besed upon recent U.S. and Soviet helicopter
design trends. A reasonably good check was applied to this trend by comparing the results of an advanced
helicopter design study ana data from the Army's HLH program. As might be anticipated, the hardware
technology program came in high and the design study low. Using this trend hypothetical helicopter design
points were selected. Installed shaft horsepowers were calculated for the design points examined by
assuming a design disk loading of 10 Ibs./sq. ft., a tandem rotor configuration and a rotor figure of merit
equal to .74. A transmission mechanical efficiency equal to .975 and a 4% hover download were used, and
no losses were deducted for cooling and auxiliary power requirements.

Although it may be argued that the helicopter weight trend represents a far more established frend than the
Aerocrane projections based upon the limited studies completed to date, it may also be argued that a more
detailed understanding of the Anrocrane design will allow better definition of design loading conditions,
more optimal selection of aircraft configuration parameters and a subsequent reduction in aircraft weight.
In this paper, it is assumed that these considerations mutually cancel.
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The significance of Figures 8 and 9 is that (1) the Aerocrane concept allows much larger capacity aircraft to
be built than our present and foreseeable helicopter technology base, and (2) for equal capacity, the
significantly lower structural weight fraction and installed shaft horsepower of the Aerocrane should imply
a considerable savings in investment costs compared to an ultra heavy lift helicopter. These potential savings
are discussed in reference (2).

NAVY AND MARINE CORPS APPLICATIONS

The Navy and Marine Corps anticipate growing future requirements for crane services (or vertical lift) in
fleet support and amphibious assault operations. While many operational requirements for aeriai lift have
been established such as VERTREP and general amphibious assault support, many times the need exists to
lift or transfer loads so far in excess of present aircraft capabilities that no real recognition of many
situations as aerial problems has been made. If cost effective aerial cranes were available in the 100-ton
range, military effectiveness would improve in many areas including transportation of special combat
equipment, harbor preparation, construction of elevated causeways, combat road construction, ship repair
and salvage, and submarine rescue operations, A principal application of the Aerocrane concept may be to
support amphibious assaults and subsequent operations ashore. Aerocranes would be complementary to
medium and heavy lift helicopter forces providing the very heavy lift capacity to complete a vertical
envelopment in transporting heavy equipment critical during the different phases of operation.

In addition to the primary amphibious assault functions, the Aerocrane potentially offers effective
operations in a wide variety of peacetime support missions. This includes recovery of damaged equipmert,
support of military construction projects, transortation of DSRV's for submarine rescue operations and
mobile crane services for ship repairs.

REVIEW OF SELECTED PROBLEM AREAS

As with any new concept a particular advantage or new performance capability is easily projected. What is
not as clear are the extent of techniral unknowns and problems to resolve before a successful aircraft may
be developed. The Aerocrane is not an exception. in this section, a number of potential problem areas are
highlighted and peculiar design conditions discussed.

Presently, the most serious technical unknown is the increase in basic drag and lift of the Aerocrane
centerbody due to Magnus forces. Magnus lift and drag are the result of the rotation of a body of revolution
about its principal axis perpendicular to the free stream velocity. Its most serious effect on the Aerocrane
concept is not the growth in thrust requirement as Magnus forces increase, but the increase in angular tilt of
the Aerocrane required to produce compensating forces and the subsequent effects on rotor control
moments, blade stall and other design considerations. The relationships for equilibrium flight are easily
derived after construction of a free body diagram. Figure 10 is a free body diagram for an Aerocrane in
equilibrium loaded flight. Summing the forces about each axis and algebraic manipulation leads to the
following equations.

FIGURE 10. Free Body Diagram
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where
v = Angle of Aerocrane inclination required
to compensate for Magnus lift and total
Centerbody Drag
LB = Aerostatic lift
LM = Magnus lift
D = Total Centerbody Drag
W = Total aircraft weight
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FIGURE 11. Aerocrane Skew Angle
Frgure 11 plots total anqular tilt as a function of assumed centerbody lift, CLM' and drag coefticients for g
40 knot design cruise speed Practicsl aircraft designs must demonstrate It and drag coefficients pernitiing
reasonable skew angles for the forward fhight design conditions.
A iterature survey bas not produced experimenial ddata appropriate to the Aerocrane problem  The closest
experiments mvolved small, rotating spheres in a high speed flow. Here, sphere hift and draa coetfrcients as
highas € - 4 and Cp- .6 were measured for some values of sphere equatorial surface and free stream
M
velocity ratios.
However, the apphicability of this data to the Aerocrane problem is highly gquestionable for several reasons.
First, the experiments were run at sub critical Reynold's numbers, below that Reynold's number where a
sharp drop i non rotating sphere drag coefticient occurs Second, the effects of inchnation of the
rotationdl axis into the free stream were not examined Al recorded data 1s for the perpendicular condition
Finally, the effect of the rotor on the airflow around the sphere 1s unknown
A second techmicdl unknown s the infiuence of the centerbody turbulent wake during forward fhight on the
rotating wings as they pass behind the sphere. This wake may represent only another structural loading tu
be considered in the design of the wing or 1t might produce o complex interaction effecting wing angie of
attack variation, and hence, control system design and aircreft flying quahties,
A thard area requiring extensive investigation to estabhish concept feasibility are the dynamics of aircraft :

motion. In the case where the control cab 15 attuched to the centerbody surface, the rotor 1s separated a
substantial distance from the control cab Thus, unusual cab motions arising from rotor tilt to compensate -
for qusts or similar disturbances mdy confuse the pifot In the unloaded condition rotor compensation for a
qust disturbance causes the caby 1o translate agamst the direction of the disturbance o stalnlizing etfect
However, in the loaded condibon, tilting the rotor for qust compensation imitially causes the cab to
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translate in the direction of the disturbance - an undesirable, destabilizing effect. When maneuvering a load
before release, the piiot will be queing on the motion of the load and an analysis of te total
aircraft-payload system including the effects of payload pendular motion is necessary. If a significant
problem exists, suspending the load and cab nearer to the sphere's center may be a viable alternative.

In addition to the previously mentioned major technical concerns, there are a number of peculiar design
conditior.; not known to be previously encountered in aircraft design. Some of these are:

1. Exposure of the engines and propellers to continuous centripetal and gyroscopic
forces.

2. The propellers located near the wing tips will have an unsteady flow field as a design
condition.

3. A dual mode flight control system is required for loaded and unioaded flight.

a, Aerostatic forces must be integrated into a central rigid structure which supports

aerodynamic and payload forces.

Operztional Considerations

The Aerocrane exhibits to a lesser extent all of the size and inertia disadvantages of airships. Large
aerodynamic forces will be generated by changes in ambient wind conditions. With an installed vectorable
thrust at least equal to 34% of aircraft weight, substantial maneuvering forces in any direction may be
generated to compensate for wind gusts and to accelerate and decelerate the Aerocrane. Accelerations will
be faster than an airship, vectorable, but slower than a helicopter. Mooring may be accomplished anywhere
a fixed attachment point to the ground is available. This simple mooring arrangement is in sharp contrast to
the elaborate needs of the normal airship.

The Aerocrane's peculiar design will require many unusual maintenance features. Most important is access
to the engine and wing flight controls. This will require special access routes within the wing and balloon
structure. Electric winches must be integral to the wing design to allow an engine change without requiring
a ground crane.

CONCLUSIONS

The Aerocrane concept offers a potential for order of magnitude improvements in maximum VTOL lift
capacity and reduced acquisition costs compared to an equivalent lift helicopter. The mechanism which
allows this is the partial substitution of low cost, heavy lift balioon technology for high cost, rotor
technology. The penaities are the reduced forward speed envelope and the reduction of the excellent flying
qualities of the helicopter. Operating weight empty fractions between .31 and .35 are estimated for
Aerocranes compared to hetween .57 and .72 for very heavy lift helicopters. The Aerocrane's design
simplicity, benign flight environment and potential for rugged construction because of a relaxed emphasis
on minimizing structural weight fraction may result in a substantial improvement in aircraft operational
availability. Principal areas of uncertainty to be addressed in a develonment program are aircraft stability
and control characteristics, adequacy of forward speed capability and modes of operation considering its
airship-size bulk and gust sensitivity.

These considerations clearly limit the normal missions of the Aerocrane to short range, high load/unload
cycle requirements where loads are in excess of helicopter capabilities. In rare cases of heavy equipment
transport, where high surface transportation costs are coupled with a need for controlled delivery to a
construction ¢ite, the Aerocrane might find an area for service. Thus, the Aerocrane does not compete
directly with either helicopters or future airships as the Aerocrane concept does not scale down to
helicopter load size nor can the Aerocrane offer efficient long range service comparable to the airship.
However, within the operational spectrum of the Aerocrane lies a significant area of use where

lighter-than air technoloa may be of service.

REFERENCES:

.

' Gessow, A, and Myers, G.C., Aerodynamics of the Helicopter, Frederick Ungar Pubhishing Company,
New York (1967).

2 Nichols, J.B. and Doulittle, D B., Hybrid Awcraft For Heavy Lift, American Helicopter Soceety,
tvew York (1974). Preprint No. 814, 30th Annual National Forum.

3. Carson, B.H., An Economic Comparison of Three Heavy Lift Airborne Systems. Proceedings of
Lighter Than Aiwr Workshop, Monterey, Califormia (September 1974},




